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INTRODUCTION
Colon cancer is one of the most common malignancies in the United States and accounts yearly for approximately 11% of all cancer deaths [1] . The incidence rates of colon cancer are higher in the Western world but are rapidly increasing in developing countries, and it is predicted that half of the Western population will develop at least one colorectal tumor by age of 70 [1] . Although cancer treatments have made large strides in recent decades, prevention by diet and other healthy lifestyle factors and habits (e.g., physical exercise) offers a more desirable alternative. Genetic variation and environmental exposures (e.g., diet, physical activity), including diet, are the two main contributing factors influencing the occurrence of colon cancer [2] . Thus, colon cancer may be highly amenable to prevention through a dietary regimen, and dietary carbohydrates may play a critical role [3] . Carbohydrates can be separated into two basic groups based upon their digestibility in the gastrointestinal (GI) tract [4, 5] . The first group is simple carbohydrates such as starch and simple sugars, which are easily hydrolyzed by enzymatic reactions and absorbed in the small intestine. The second group is composed of complex carbohydrates such as cellulose, lignin and pectin which are resistant to diges-MINIREVIEWS tion in the small intestine and undergo bacterial fermentation in the colon. These complex carbohydrates, referred to as dietary fibers, are found in plants [4, 5] . Many studies suggest that there is an association between high dietary fiber intake and a low incidence of colon cancer, and that dietary fiber has anticancer properties [6] [7] [8] . Furthermore, the US Food and Drug Administration has approved health claims supporting the role of dietary fiber in cancer prevention [9] . It is known that the human GI tract represents the most abundant reservoir of microbes with over 100 trillion bacteria grouped in about 1000 species [10, 11] . The bacterial gut populations can be shifted to a healthier composition by fermentable dietary fiber that provides substrates for bacterial fermentation [10, 11] . Dietary fiber decreases the risk for type 2 diabetes mellitus, obesity, cardiovascular disease, colon cancer, and improves immunity by modulating the gut microbiota landscape [6] . Dietary fiber modulates our health at nearly every level, and in every organ system, via complicated modes of action, many of which remain to be determined [10, 11] . In the present review, we focus on the mechanistic association of dietary fiber, gut microbiota and colon cancer prevention.
IMPACT OF DIETARY FIBER ON GUT

MICROBIOTA
Dietary fiber constitutes a spectrum of non-digestible food ingredients including non-starch polysaccharides, oligosaccharides, lignin, and analogous polysaccharides with an associated health benefit [12, 13] . Dietary fibers are not a static collection of undigestible plant materials that pass through the human GI tract without any function; instead, they bind potential nutrients, result in new metabolites, and modulate nutrient absorption/metabolism. Certain dietary fibers are fermentable, and in addition to their anaerobic degradation in the GI tract, there is also a concurrent anaerobic proteolytic fermentation [14] . Whereas the main fermentation products of fiber are thought to be beneficial (positive), the products of the proteolytic fermentation can be detrimental (negative), resulting in a ying-yang effect [14] . In healthy individuals, fermentation processes are primarily controlled by the amount and type of substrates accessible to bacteria in the colonic ecosystem [11] . The fate of fiber in the colon largely depends on the colonic microbiota and the physio-chemical characteristics of the fiber itself [15] . Fiber sources such as oat bran, pectin, and guar are highly fermented; whereas, cellulose and wheat bran may be poorly fermented [15, 16] . On the other hand, the type of dietary fiber affects the microbial composition of the gut lumen. For example, inulin, a polymer of fructose monomers present in onions, garlic and asparagus [17] , stimulates the growth of Bifidobacteria; whereas, it restricts the growth of potential pathogenic bacteria such as E. coli, Salmonella, and Listeria [17] [18] [19] . In experiments with a simulator of the human colon, dietary xylo-oligosaccharides decrease the major butyrate-producing bacteria Faecalibacterium prausnitzii, although total butyrate concentration is increased only in the distal vessel [20] . The same researchers reported that xylo-oligosaccharides also affect the levels of sulphatereducing bacteria, Bacteroides fragilis, providing evidence that dietary carbohydrates modify the gut microbiota, and therefore, its ability to change the physiological properties of the colonic environment. In humans, diets high in nonstarch polysaccharides and/or resistant starch profoundly affect the types of fecal bacteria, including species related to Ruminococcus bromii, which can contribute to starch degradation and short chain fatty acid (SCFA) production [21] . There are over 50 bacterial phyla described to date but the human gut microbiota is dominated by two of them, the Bacteroidetes and the Firmicutes; whereas, the phyla Proteobacteria, Verrucomicrobia, Actinobacteria, Fusobacteria, and Cyanobacteria are present in minor proportions [22, 23] . The taxonomic composition of the "ideal" microbiota, if such exists, remains to be identified. Presently, individuals are categorized into "enterotypes" or clusters based upon the abundance of key genera in the gut microbiota [24] . Recent studies showed that gut microbial communities are clustered into three types: Bacteroides (enterotype 1), Prevotella (enterotype 2) and Ruminococcus (enterotype 3), and these clusters seem unrelated to geographical origin, body mass index, age, or gender [25] . These findings suggest that there is not one ideal microbiota composition, but "a limited number of well balanced host-microbial symbiotic states" [25] . Much remains to be determined about what constitutes a healthy microbiota, but there are numerous diseases and conditions associated with a disturbed gut microbiota [26] . It has been generally accepted that the human gut contains approximately 500 to 1000 species [27] , and the differential colonization suggests a relationship with disease susceptibility [28] [29] [30] . For example, the intestinal microbiota of children from Europe and rural Africa who are exposed to a modern Western diet and a rural diet respectively, exhibit significant differences in microbial composition. The major difference is that rural African children have microbiota enriched in Bacteroidetes and depleted in Firmicutes in comparison to European children [30] . Although amino acid fermenting bacteria and syntrophic species are present in the large intestine, the majority of colonic bacteria have predominantly saccharolytic metabolisms. Therefore, dietary fiber/carbohydrate availability is almost certainly the most important nutritional factor that determines the composition and metabolic activities of the gut microbiota, and many of the physiologic properties of the microbiota are attributed to the fermentation and production of SCFAs [31] . For example, lower dietary fiber intake and consistently lower SCFA production were observed in colon cancer risk subjects compared to healthy individuals, and these differences were accompanied by distinct profiles of the fecal microbiota communities of the two groups [32] . In the same study, Clostridium, Roseburia, and Eubacterium spp. were significantly less prevalent in the colon cancer risk group than the healthy individuals group; whereas, Enterococcus and Streptococcus spp. were more prevalent in the colon cancer risk group [32] . Consistent with these observations, the low pH conditions resulting from fiber fermentation increase biosynthetic requirements for nitrogen-containing precursors, and subsequently inhibit toxin accretion in the colon [33] . Taken together, individual properties such as body mass index, age, or gender may not explain the three observed gut bacterial enterotypes [25] , but data-driven marker genes/microbial markers can be identified for certain diseases and conditions [30] [31] [32] .
SCFA PRODUCTION
Dietary fiber consumption can have significant health benefits, particularly in laxation, mineral absorption, potential anticancer properties, lipid metabolism and antiinflammatory effects [34] . Many of these health benefits can be attributed to the fermentation of dietary fiber into SCFAs in the colon. These SCFAs are generated by the colonic microbiota, and an equation outlining overall carbohydrate fermentation in the colon has been described The significance of carbohydrate breakdown by intestinal bacteria is broad. For example, the increased input of carbohydrates allows for increased bacterial cell mass, which supports laxative effects and shorter colonic transit times. The decreased transit times decrease protein breakdown and the accumulation of putrefactive substances, such as ammonia, phenols, amines and hydrogen sulfide in the colon.
The three major colonic SCFAs are acetate, propionate and butyrate, and the total concentration of SCFAs in colonic content may exceed 100 mmol/L [36] . The composition of diet and gut microbiota are the major factors in determining the molar proportion of SCFA species. In general, acetate makes up around 60%-75% of the total SFCA, and is generated by many of bacterial groups that inhabit the colon, with approximately one-third of the product coming from reductive acetogenesis [37] . The bacterial groups that form propionate and butyrate are specialized, and are of particular interest in terms of their health beneficial effects. The fact that a considerable number of bacterial species provide diverse molecular functions underscores the importance of a functional analysis to understand the composition of microbiota [25] . The data on the main propionate-producing bacteria in the human colon are still emerging, and several biochemical pathways for propionate formation are characterized [38, 39] . The succinate route for propionate formation is generally employed by Bacteroides species, but the acrylate route from lactate is adopted by bacteria belonging to the clostridial cluster Ⅸ group. In addition, a third pathway is employed by the butyrate-producing bacterium R. inulinivorans with fucose as substrate [40] . Colonic bacteria that produce butyrate belong to the clostridial clusters Ⅰ, Ⅲ, Ⅳ, Ⅵ, XIVa, XV and XVI. Two particularly abundant groups that are estimated to consist 7%-24% of the total gut bacteria in healthy subjects are cluster Ⅳ bacteria related to Faecalibacterium prausnitzii, and cluster XIVa bacteria related to Eubacterium rectal and to Roseburia spp [41] . For example, reduced dietary intake of fiber by obese subject results in decreased concentrations of butyrate and butyrate-producing bacteria related to Eubacterium rectal and to Roseburia spp [42] .
PHYSIOLOGICAL EFFECTS OF SCFA
Acetate (C2), propionate (C3) and butyrate (C4) are found in the human intestine at concentrations of approximately 13 mmol/L in the terminal ileum, approximately 130 mmol/L in caecum and approximately 80 mmol/L in the descending colon [36] . These SCFAs released in the intestinal lumen are readily absorbed and used as energy source by colonocytes (approximately 10% of basal energy requirements) and also by other tissues such as liver and muscle [43] . Acetate stimulates proliferation of normal crypt cell but reduces the frequency of spontaneous longitudinal muscle contractions in rat colonic smooth muscle [44] . Acetate enhances ileal motility, increases colonic blood flow, and plays a role in adipogenesis and host immune system through interacting with the G protein-coupled receptor (GPCR43, 41) in adipose tissue and immune cells [45, 46] . In addition, it has been shown that acetate reduces lipopolysaccharide-stimulated tumor necrosis factor (TNF), interleukin (IL)-6 and nuclear factor (NF)-κB level while boosting peripheral blood antibody production in various different tissues [47] . Similar to acetate, propionate has been shown to exert a concentration-dependent effect on the frequency of spontaneous contractions in longitudinal muscle via enteric nerves in rat distal colon [44] . In both animal and human studies, it has been shown that propionate reduces food intake and increases satiety via augmentation of the satiety hormone leptin, and through activation of GPCR43, 41 [48, 49] . Also, propionate may be protective against carcinogenesis because it reduces human colon cancer cell growth and differentiation via hyperacetylation of histone proteins and stimulation of apoptosis [50, 51] . In addition, propionate also inhibits the production of proinflammatory cytokines (e.g., TNF-α, NF-κB) in multiple tissues [52, 53] . Although acetate, propionate, and butyrate are all metabolized to some extent by the epithelium to provide energy, butyrate plays the most critical role in maintaining colonic health and moderating cell growth and differentiation [54] . More than 70% of oxygen consumption in isolated colonocytes is due to butyrate oxidation, and the uptake and utilization of butyrate by the colonic epithelium have been demonstrated in a study on the SCFA lev-and macrophages are the major source of inflammatory mediators [57] . Once activated, macrophages produce significant amounts of mediators such as TNF-α, Il-1β, IFN-γ and IL-6, chemokines, and nitric oxide (NO) [57, 66] . SCFAs, mainly butyrate, reduce the LPS-and cytokinestimulated production of pro-inflammatory mediators such as TNF-α, IL-6, IFN-γ and NO while increase the release of the anti-inflammatory cytokine IL-10 [66, 67] . The histone deacetylases (HDACs) and histone acetyltransferases control the degree of protein acetylation and gene expression, and the ability of butyrate to inhibit HDAC activity is the main mechanism via which the acid affects the expression of proinflammatory mediators [66] [67] [68] . In addition to increasing net histone acetylation and therefore, influencing gene expression, butyrate also augments the acetylation of nonhistone proteins such as NF-κB, MyoD, and p53 [66] .
Gastrointestinal barriers and microbiota
Gut microbiota contribute to the maintenance of an intact GI barrier, and the disruption of this barrier can cause an inflammatory process [10] . The primary or innate barrier is an interaction between the microbiota and the gut epithelial cell layer. This interaction is an active process, in which certain inflammatory mediators are produced. For example, the ligands of toll like receptors (TLRs) such as LPS and flagellin are microbially derived, and they activate respectively, TLR-4 and -5 to modulate distinct aspects of host metabolism and immune response [69] . The secondary physical barrier is formed by epithelial cell secretion of mucus, and this intestinal mucus layer is a critical physical barrier protecting the intestinal epithelium from the intestinal microbiota, including invasive microbes [70] . The mucus layer is composed by mucin proteins produced by Goblet cells [10] , whereas, in the small intestine, the Paneth cells directly sense enteric bacteria through TLR activation, and release various antimicrobial peptides [71] . Therefore, mucus not only forms a physical barrier and provides a nutrition source for the microbiota, but it also contains protective mediators such as secreted antimicrobial peptides and Ig A [70, 72] . Thus, the mucosal immune system and the homeostasis of gut microbiota are interdependent, and a balance between them maintains a stable intestinal environment.
EFFECT OF SCFAS ON CELL CYCLE, MIGRATION AND APOPTOSIS
Although SCFAs stimulate normal colonocyte proliferation at low concentrations (e.g., 0.05 mmol/L-0.1 mmol/ L butyrate), SCFAs also inhibit the growth of most human colon cancer cells by cell cycle arrest and apoptosis through a complex molecular regulation [73, 74] . Several in vitro studies have demonstrated that butyrate inhibits HDACs, and allow histone hyperacetylation that leads to transcription of many genes including p21/Cip1, and cyclin D3 [75] . The induction of the cyclin-dependent kinase els in portal and arterial blood and in colonic contents [36] . Compared to acetate and propionate, butyrate exhibits strong anti-inflammatory properties, and this effect is likely mediated by inhibition of TNF-α production, NF-κB activation, and IL-8, -10, -12 expression in immune and colonic epithelial cells [55, 56] .
ANTI-INFLAMMATORY ACTION, SCFAS AND MICROBIOTA
Inflammation, a host defense mechanism, is an immediate response of the body to tissue injury caused by microbial infection and other noxious stimuli. However, inadequate resolution of inflammation and uncontrolled inflammatory reactions can evoke a state of chronic inflammation, which is a common etiologic factor for cancer [57] .
Leukocyte recruitment and SCFAs
Leukocytes are recruited and migrate from the bloodstream to the inflamed tissue through a multistep process that involves expression and activation of several proteins such as adhesion molecules and chemokines [58] , and SCFAs modify this leukocyte recruitment [59, 60] . Several lines of evidence show that SCFAs induce directional migration of neutrophils, which is dependent upon the activation of GPR43, a G protein-coupled receptor [59, 61] . The function of SCFAs as agonists of GPR43 may result in activation of protein kinase B (PKB) and mitogen activated protein kinases in neutrophils. Furthermore, the receptors GPR41 and GPR109A, both of which are related to GPR43, are activated by SCFAs [62] . These results support a role for the SCFAs in the movement of neutrophils [61] . SCFAs also modulate the expression and secretion of cell adhesion molecules and chemokines that play a central role in leukocyte recruitment [52, 60] . Cell adhesion molecules such as selectins, integrins, vascular cell adhesion molecule-1, and intercellular adhesion molecule-1 are critical for adhesion and transendothelial migration of leukocytes [63] . Recent studies have shown that SCFAs reduce the adherence of monocytes and lymphocytes to human umbilical vein endothelial cells, and this is associated with an attenuation of NF-κB and PPARγ activities and adhesion molecule expression (ICAM-1 and VCAM-1) [52, 63] . In addition, butyrate reduces the constitutive and IFN-γ-induced expression of LFA-3 and ICAM-1; the LPSstimulated production of CXCL-2, 3, and macrophage chemoattractant protein-1, IL-8 by neutrophils and macrophages [64, 65] . Therefore, by modulating the amount or type of adhesion molecules and chemokines, SCFAs may alter the recruitment of leukocytes, and in part, reduce the chronic GI tract inflammatory response.
Proinflammatory mediators, SCFAs
A wide variety of cytokines and other proinflammatory mediators contribute to both extrinsic and intrinsic pathways of inflammation-associated carcinogenesis, inhibitory protein p21/Cip1 accounts for cell arrest in the G1 phase of the cell cycle [75] . In addition, we and others have also observed that at 0.5 or higher mmol/L concentration, butyrate inhibits the migration and invasion rate of cancer cells by increasing the expression of antimetastasis genes (e.g., metalloproteinases) and inhibiting the activation of pro-metastatic genes (e.g., matrix metalloproteinases) [76, 77] . There is also overwhelming evidence that dietary fiber counteracts the earliest stages of colonic carcinogenesis. For example, carbohydrates may protect colonocytes against the genotoxicity of a typical Western diet, which is characterized by increased levels of protein and fat intake. Thus, resistant starch decreases by 70% the DNA damage manifested by single-strand breaks in colonocytes of rats fed a Western diet [78] ; significantly, when such DNA damage is not repaired, it may initiate colonic carcinogenesis. This interpretation is supported by experimental data that resistant starch protects rodents against tumors induced by the carcinogen azoxymethane [79, 80] . The protective effect of resistant starch against such DNA alterations could be attributed to the increased production of SCFAs, and the decreased phenol and ammonia levels [78] . Among the SCFAs, butyrate has been demonstrated to have a significant physiological effect on neoplastic colonic cells [81] ; however, acetate has also been implicated in protection against genotoxic agents [20] Interestingly, different carbohydrates affect differentially the extent of DNA damage; for example, dietary xylooligosaccharides but not inulin may alter the genotoxicity of the colonic environment. Utilizing a human colonic simulator inoculated with human feces and a soy protein isolate, the researchers have reported that xylo-oligosaccharides reduce genotoxicity of the liquid phase in the proximal vessel, but increase genotoxicity in the distal vessel [20] . It is evident that the DNA-protective effects of the carbohydrates are mediated by (1) their ability to sustain the existence of specific colonic microbiota; and (2) by the fermentation products resulting from the presence of the colonic bacterial species. In rats, a resistant starchenriched diet increases the numbers of bifidobacteria and lactobacilli species; whereas, it decreases coliforms and results in higher levels of SCFAs [82] . However, the levels of the short-chain fatty acids are dependent not only upon the type and amount of dietary carbohydrates, but also by the present colonic bacterial species. Such two-way interactions explain the observations that rats fed resistant starch diet supplemented with the probiotic Bifidobacterium lactis exhibit a stronger apoptotic response to a genotoxic carcinogen in the colon than those fed the same diet without the probiotic supplement [82] . Evidence for a protective role of butyrate against colon cancer comes mostly from studies in carcinogeninduced rodent models of this malignancy. Thus, the effects of diets containing guar gum and oat bran (both highly fermentable, but associated with low butyrate levels in the distal colon) have been compared to these of a diet with wheat bran (resulting in high butyrate concentrations) in a rat dimethylhydrazine model of colon cancer [83] . The researchers reported the highest protection against colonic tumors in the group of rats fed the wheat bran diet. Similarly, rats fed diet with resistant starch exhibited a lesser burden of colonic adenocarcinomas after exposure to azoxymethane, and this protective effect seemed to be related to the production of butyrate in the colon [79] . It has been observed that in rats with tumors induced by azoxymethane and deoxycholic acid, dietary sodium gluconate increases butyrate levels and decreases the numbers of tumors in the colon [84] . Also, oral administration of the butyrate-producing bacteria Butyrivibrio fibrisolvens augmented butyrate levels, and reduced the formation of aberrant crypt foci, an early colonic lesion, in the colon and rectum of mice treated with dimethylhydrazine [85] . However, not all reports support a chemopreventive effect for butyrate [15] . Some epidemiological studies have also shown no relationship between fiber intake and colon cancer incidence, and no effect of SCFAs (e.g., butyrate) on colonic tumorigenesis [86, 87] . These observations were initially counter-intuitive given the reported anticancer-effects of dietary fiber/SCFAs. However, molecular analyses on the effect of SCFAs in colonic tumorigenesis may partly explain these seemingly controversial observations. First, the constitutive activation of the canonical WNT signaling pathway is a common characteristic of colon cancer, and the beta-catenin-Tcf (BCT) transcriptional complexes are the downstream mediators of this pathway [88, 89] . It has been proposed that WNT/betacatenin activity exists as a gradient, within which absence of WNT signal results in terminal differentiation and apoptosis, relatively low levels of signaling lead to controlled self-renewal, moderate levels of signaling promote uncontrolled cell proliferation, and relatively high levels of WNT signaling lead to apoptosis [90] . Therefore, hyperactivation of WNT/beta-catenin signaling in butyratetreated colon cancer cells is a required event to achieve high levels of apoptosis in these cells [91] . Second, studies on human colon cancer cell lines with different WNT/beta-catenin signaling mutations have identified two classes of cell lines: those which respond to butyrate treatment with (1) a high fold; and (2) a low fold induction of WNT/beta-catenin activity and apoptosis [91] . Thus, discrepancies in the literature as to the protective nature of fiber intake against colon cancer [5, 15, 92] may be due to the fact that only a subset of colonic lesions responds to butyrate with hyper-activation of WNT/betacatenin signaling and enhanced apoptosis. Further, colonic lesions may become resistant to the effects of butyrate through exposure to suboptimal levels of this agent; for example, butyrate-resistant cells produced in vitro exhibit suppressed WNT/catenin hyperactivation and inhibited induction of apoptosis upon exposure to butyrate and other HDAC inhibitors [93] . This butyrate-resistant cell line may reflect the in vivo existence of human tumors that are resistant or partially resistant to the effects of butyrate, and suggests that a high dietary fiber intake is required for an effective protective action against colon cancer. Differences in the responsiveness of colonic neoplastic cells to the effects of butyrate on WNT/catenin signaling may be mediated through the differential expression and activity of transcriptional coactivators that influence WNT/catenin activity, particularly CBP and p300 [94, 95] . For example, a butyrate-resistant cell line has been shown to be defective in p300 expression, which likely mediates effects of butyrate on WNT/catenin signaling and cell physiology [95] . Third, the composition of gut microbiota and diet (e.g., fat) are factors that affect the SCFA productions and their action [15, 96, 97] , and the effect of SCFAs on colon neoplastic cells might be modifiable by other dietary compounds and metabolites; thus, adding a particular type of oil (e.g., fish oil vs corn oil) results in a variable reduction of colon tumors in rat azoxymethane model of carcinogenesis [98] . Finally, the effect of fiber and butyrate on colon carcinogenesis is likely dependent upon the timing of fiber and butyrate administration with respect to the stage of cancer development [15] . Several studies have shown that a high fiber intake specifically affects early tumor development in the colon; however, progression to advanced adenomas is unlikely to be influenced by fiber intake [7, 86] . These data clearly support a multifaceted role of SCFA production/action, and more in vivo studies are warranted to further dissect the role of fiber intake in modulating colon cell cycle and apoptosis pathways.
FUNCTIONAL ROLE OF FIBER SOURCE PER SE
Although gut microbiota and fiber fermentation to SCFAs play a critical role in cancer prevention, the fiber source per se may have independent effects on colonic health. First, dietary fiber increases viscosity and fecal bulking (diluting potential carcinogens), and it therefore shortens the time for proteolytic fermentation (and production of harmful substances) and also decreases the contact between potential carcinogens and mucosal cells [4, 99] . In addition, dietary fiber could bind/excrete potential luminal carcinogens (e.g., secondary bile acids) and lower fecal pH in the colon [4, 100, 101] . Second, dietary fiber is not only a substrate for fermentation, but it is also a source of vitamins, minerals and slowly digestible energy; for example, bran fractions are rich in minerals, vitamin B6, thiamine, folate and vitamin E [102] . Third, dietary fiber is associated with phytochemicals such as phenolics, carotenoids, lignans, beta-glucan and inulin [102, 103] . For example, arabinoxylan, a constituent of hemicelluloses, is an important source of phenolic compounds that may be released in the colon during fermentation of complexed fibers [4, 102] . These bioactive substances may protect the GI tract from oxidative damage, although this possibility is controversial due to the anaerobic environment in the colon and the fact that the fiber-associated phytochemicals (e.g., carotenoids) do not seem to be absorbed through the GI tract into the rest of the body, even though the colon is the primary site for fiber fermentation and the release of these chemicals [104] . However, since the concentrations of bioactive substances derived from dietary fiber sources can be much higher in the colonic lumen than in plasma and other tissue, these phytochemicals may delay the onset of colon cancer.
CONCLUSIONS AND PERSPECTIVES
A large amount of research has reported an inverse relationship between dietary fiber intake and colon cancer risk. The protective effect of fiber against colon cancer derives from a multi-layered system of mechanistic checks and balances, which may explain why not all studies report this beneficial effect. Although the anticancer mechanisms of dietary fiber are not fully understood, several modes of action have been proposed (Figure 1 ). First, dietary fiber resists digestion in the small intestine, and enters the colon where it is fermented to produce SCFAs that may enhance the healthy composition of gut microbiota. Second, SCFAs have anticancer properties which include the promotion of cancer cell cycle arrest, apoptosis, and the inhibition of chronic inflammatory process and cancer cell migration/invasion in the colon. Importantly, these molecular activities are effective only within a certain physiological concentration range of the SCFAs. Third, dietary fiber increases fecal bulking and viscosity, reduces the time for proteolytic fermentation that results in harmful substances, and shortens the contact between potential carcinogens and mucosal cells. In addition, dietary fiber can bind/excrete potential luminal carcinogens (e.g., secondary bile acids), lower fecal pH in the colon, and thus provide a healthy intestinal environment.
Not all fibers have the same properties; therefore, the characteristics and components of dietary fibers (e.g., arabinoxylan, β-glucan) may determine their modes of action against colon cancer cells. Future studies on the type of fiber and fiber components may provide a better understanding of how and why dietary fiber decreases the risk of colon cancer. Furthermore, evidence from many lines of research demonstrates that fiber consumption modifies the composition of gut microbiota, and a well balanced colonic microbiota influences the host at nearly every level including immunity and neoplastic development. Metagenomics is one of the newest approaches to determine gut microbiota composition, but it is still difficult to characterize the interactions between hosts and their microbiota. The combination of several "meta" analyses such as metagenomics, metabolomics, metatranscriptomics, and the shift of focus from a "who is there" to a "why are they there" will advance our understanding of the relationship between dietary fiber consumption, microbiota composition, and human health. Future studies are required to unravel the microbiota changes that correlate with the beneficial effects of fiber, although it is likely that such changes in the gut bacteria may be dose-, time-, and strain-dependent. These efforts may lead to identification of microbiota signatures that are causal or correlative biomarkers for fiber consumption and colon cancer prevention.
If butyrate is indeed the key mediator for the protective effect of fiber against colon cancer, then the effects of diet and microbiota on the butyrate levels in the colon, and our ability to manipulate these levels via dietary supplements, will be important for designing effective colon cancer preventive strategies. The levels of fecal butyrate among individuals differ widely (3.5-32.6 mmol/kg), and these inter-individual differences have been explained in part by body-mass index and dietary intake of protein, fiber, and fat [105] ; however, there are additional factors that remain to be determined.
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